The direction of the principal stress on web-gusset welded joint connected to a main girder web of steel girder bridges changes instantaneously so that the direction of shear stress reverses when a vehicle passes right above there. It is well known that the fatigue crack initiates and propagates in the direction perpendicular to the principal stress one, but fatigue crack propagation behavior and fatigue strength when the direction of principal stress changes have not been studied yet. In this study, to determine the propagation behavior and the fatigue strength in the stress field where the direction of the principal stress changes, fatigue tests on girder specimens and fatigue crack propagation analyses have been performed.
INTRODUCTION
According to a document issued by the Japanese Ministry of Land, Infrastructure and Transport 1) , there are about 160,000 highway bridges that are more than 15m long. Steel bridges accounted for 40%, and girder-type bridges accounted for 90% of these highway bridges. The major cases of fatigue damage that occurred in I-sectioned girder bridges are as follows: 1) the crack initiated from the weld toe of the sole plate, 2) the crack initiated from the Gelber hinge portion, 3) the crack initiated from the girder end cut-out with arc-shaped flange, 4) the crack initiated from the web-gap plate located between the upper flange of the main girder and the upper flange of the crossbeam, and 5) the crack initiated from the gusset plate connected to the main girder web 2) . The fatigue crack initiated from the main girder web connected with the lower flange of the cross-beam or the lower lateral member (hereinafter, referred to as intersection) in I-sectioned steel bridges indicates serious damage, because fatigue cracks propagate perpendicular to the direction of main girder stress. If cracks propagated toward the vertical direction, it might cause the collapse of the bridge. In October 2006, a 1m-long fatigue crack was discovered at the intersection. It caused traffic to be closed at Meihan national highway for several months.
Fatigue strength of the intersection has been generally examined through fatigue tests under uni-axial loading condition using web-gusset welded joint specimens. On the basis of these results, the fatigue strength category of welded joints has been specified in "Fatigue Design Recommendations for Steel Structures" 3) issued by Japan Society of Steel Construction. The intersection is subjected to bi-axial forces induced by cross-beam flange force due to the load distribution function and the main girder web force due to in-plane bending 4 
)6)
. In addition, the maximum principal stress direction of the main girder web at the intersection changes, because the direction of shear stress is reversed by the passage of trucks. Fig.1 shows variations in normal stress of the x-direction, shear stress, maximum principal stress, and principal stress direction at the center of the span, when the load of 100kN is running. In this way, the direction of the shear stress is reversed when the load is passing above the center, the principal stress direction changes instantly. In the combined stress field of normal stress and shear stress, fatigue cracks propagate perpendicular to the direction of maximum principal stress, and stress for fatigue assessment could be evaluated by the variable range of principal stress. However, it has not been clarified how fatigue cracks propagate under the field of changing principal stress direction. In addition, there are few discussions on the fatigue evaluation method under this field.
The authors have studied how varying principal stress directions affect fatigue strength of web-gusset welded joints. This was done through bi-axial fatigue tests under in-phase and anti-phase using web-gusset specimens. The results have indicated that the influence of variations in principal stress direction could be evaluated using principal stress range (range between maximum principal stress and minimum stress along the direction of maximum principal stress) 7) . When the ratio of shear stress to normal stress is equal to 0.87 (variation in maxium principal stress direction is equal to 60 degrees) or more, the minimum principal stress reflected on the maximum principal stress direction is reversed, and the principal stress range is larger than the variation range of maximum principal stress. However, the fatigue tests using the specimens, even if the bi-axial fatigue tests under anti-phase could be conducted, showed that the variation of the principal stress direction was limited to 90 degrees. That is to say, it is difficult to simulate the stress field on actual plate-girder bridges.
In this study, for the purpose of confirming fatigue crack propagation property and evaluating the influence of the variation in princip al stress direction on fatigue strength of web-gusset welded joints, fatigue tests using different principal stress directions have been performed using girder-type specimens. In the fatigue tests, the stress field in which the direction of principal stress changed was produced by alternative loading at two points across the web-gusset. However, it was not possible to produce a stress field where the direction of principal stress was changed instantaneously. This study seems useful in comfirming fatigue crack propagation property and fatigue strength under the stress field. Fig.2 shows a fatigue test specimen. The length of specimen is 7.0m, and the height is 424mm. Two specimens (specimens A and B) were manufatuctured. The thickness of flange was 12mm, and the thickness of web was 9mm. Seven sets of gusset φ plates were attached to both surfaces (north face and south face) of the web. These gussets from the west side are called WG1 ~ WG7. Each gusset plate has two boxing welds that appear to be fatigue cracks in origin. In this study, each gusset plate is labeled; e.g., WG4-EN (gusset plate:WG4, east side and north face) at each boxing weld. Steel used for the specimens was SM490YA, 9mm thick (web, gusset) and SM490YB, 12mm thick (flange). Table 1 shows the mechanical properties and chemical composition of the steel. Gusset plates were connected to the web by fillet welding using CO 2 arc procedure. Fillet welding was performed using flux-cored wire MX-Z200 (JIS Z 3313) with a diameter of 1.2mm. The welding conditions were as follows: welding voltage = 32V, current = 230A, and speed = 26-27cm/min. Weld profiles at each boxing weld were measured before the fatigue tests. Measured weld profiles were leg length, frank angle and toe radius at weld toe on web side. After removing any dirt or rust, molds of weld bead were taken using dental impression material (hydrophilic vinyl silicone impression material), and sliced to a thickness of about 2mm. Thereafter, these sliced molds were measured using a 20x magnifying projector. The number of measurements was 336. The average of weld leg length was 13.8mm on the web side, and 8.2mm on the gusset side. The average of the frank angle and the toe radius was 130 degrees and 0.75mm, respectively.
SPECIMENS

TEST PROCEDURE
Photo 1 shows the test set-up. Specimens have two loading points as shown in Fig.2 . Two loading points were called actuator W and actuator E. In the fatigue test, variations in principal stress at the boxing weld on WG3 ~ WG5 induced by reversing shear force were produced by alternative loading with two actuators.
When actuators W and E were applied alternately The fatigue tests were conducted under the condition that the two actuators alternately loaded 220kN (specimen A) or 200kN (specimen B) as the maximum load. The minimum load was set at 0 in both specimens A and B. Cyclic loading speed was 0.5Hz. Therefore, the time required for one cycle of the alternative loading between actuator E and actuator W was 4 seconds. Fatigue tests were carried out until crack length became 50mm or more and were conducted as long as possible. In addition, when the crack length became 70mm or more, it was repaired by drilling a stop-hole with a diameter of 18mm at the crack tip and tightened with high-strength bolt JIS F10T-M16 on the stop-hole. Table 2 shows nominal longitudinal stress σ x , shear stress τ xy , and the maximum principal stress σ max , the minimum principal stress σ min , the direc-tion of σ max calculated by the beam theory at the weld toe of each gusset plate (the definition of direction is shown in Fig.1 ). Here, weld leg length on the web side was set to 14mm, the load was assumed to be 220kN, which was the same as the load in the case of the fatigue test of specimen A. The right-hand column of the table shows the variations in the maximum principal stress direction in the case of alternative loading with actuators W and E. In WG1, WG2, WG6, and WG7 located outside the loading points, there was no variation in the principal stress direction by alternative loading. Variations in the principal stress direction in WG3 ~ WG5 was about 30 degrees. As mentioned in Chapter 1, this variation in the maximum principal stress direction made no difference between the maximum principal stress range mentioned above and the variation range in maximum principal stress.
STRESS PROPERTIES (1) Stress properties calculated by beam theory
As mentioned above, fatigue tests were conducted by applying alternative load of actuator W and actuator E. In other words, cyclic load of 0→220kN→0 was applied by actuator W in specimen A, then the cyclic load was applied by actuator E. Therefore, instantaneous changes in principal stress direction by the moving load as shown in Fig.1 could not be produced in this fatigue test.
(2) Influence of presence of gusset plate on stress properties at weld toe As the direction of principal stress seemed to be different between theoretical value and the value 
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Photo 1 Test set-up.
when attaching the gusset plate to the web, 3D FE analyses were performed on the girder-type specimen. In the analyses, a hybrid model combining solid elements around the gusset plate with shell elements in the other parts was used 8) . Modeling the weld profile was conducted using the following values. In the web side, leg length was set to 14mm, toe radius was set to 0.75mm and frank angle was set to 130 degrees. In the gusset plate side, leg length was set to 8mm and flank angle was set to 130 degrees. These values were based on the measurement results of the weld profiles. Minimum element size around the weld toe was set to 0.2mm. An example of the analytical model is shown in Fig.3 . For comparison, the analysis using the model without gusset plate was also carried out. Fig.4 shows maximum principal stress in the vicinity of the boxing weld of WG5-W. The presence of the gusset plate caused maximum principal stress that increased at the weld toe. Forthermore, the direction of maximum principal stress changed due to the presence of the gusset plate. However, the magnitude and direction of principal stress at distant point from the weld toe was almost the same regardless of the presence of the gusset plate. show a comparison of the magnitude and direction of maximum principal stress obtained from stress measurement with those obtained from FE analyses. The magnitude and direction of principal stress in these figures are obtained at 5mm apart from the weld toe. The load applied for specimen A was 220kN, and 200kN for specimen B. Therefore, the magnitude of principal stress in specimen B was converted into the value in the case of 220kN by multiplying by 1.1. The magnitude and direction of the maximum principal stress, which was obtained from the stress analysis without gussets, were almost identical to those obtained from the beam theory shown in Table 2 .
In Fig.5 , the vertical axis shows the value obtained from the FE analyses, and the horizontal axis shows the value obtained from stress measurement. The magnitude and direction of the principal stress obtained from the FE analyses had good agreement with the stress measurement results in the case of the attached gusset plates. This fact could indicate that FE analyses under these conditions could produce the stress properties near the gusset plate. On the other hand, the analytical result in the no-gusset case was remarkably different from the stress measurement results.
OUTLINE OF FATIGUE TEST RESULTS
The fatigue test using specimen A was conducted until the number of cyclic load reached 1.33 million cycles. Here, an alternative loading by two actuators was counted as the number of cyclic load.
At WG1-W, the occurrence of fatigue cracks was not observed at the time of 1.33 million cycles. At other gusset plates, the fatigue cracks were observed.
At WG4-W, fatigue cracks of 27mm and 12mm length were detected at the weld toes of the north and south face of the web in 418,000 cycles. In 365,000 cycles after detecting fatigue cracks (the total number of cyclic load was 783,000 cycles), the fatigue crack propagated to 78mm at the south face and 71mm at the north face. Then the stop-hole was drilled at the crack tip of the lower side, and tightened with a high-strength bolt on the stop-hole. Bolt tightening was carried out using the calibrated wrench tightening method in order to introduce the specified axial force. Fatigue test was conducted until 212,000 cy- cles (the total number of cyclic load was 995,000 cycles). Then fatigue cracks on the upper side were repaired by drilling and bolting the stop-hole in the crack length of 108mm at the south face and in the crack length of 101mm at the north face. The crack length on the upper side was calculated based on the crack tip on the lower side. The crack length shown here was reflected on the vertical direction of the specimen. At the other cracks, similar repairs were carried out.
For specimen B, the fatigue test was carried out up to about 2 million cycles. Fatigue cracks were initiated at the weld toe of the gusset plates except for WG1-W and WG2-E. These cracks were repaired using the same procedure used in specimen A. Table 3 shows the crack length at each gusset plate at the time of crack detection and repair, and at the completion of fatigue test. In specimen A, 12 fatigue cracks were initiated at the longitudinal welded joint between the web and the lower flange. These cracks were repaired by attaching plates on the cracks. The crack at the longitudinal welded joint between the web and the upper flange was also detected within 520,000 cycles. Photo 2 shows examples of repairing these cracks. The stress properties of the weld toe of the boxing weld seemed to change with these repairs.
The nominal stress range at the longitudinal welded joint appeared to be twice as large as that at the gusset. Though the longitudinal welded joint in specimen A was connected by fillet welding, weld defects were not seen on the fatigue fracture surface. On the other hand, fatigue cracks did not occur at the longitudinal welded joint in specimen B because the flange was welded to the web with full penetration in order to prevent the fatigue cracks from the weld root.
PROPAGATION PROPERTIES OF FA-TIGUE CRACKS
Some examples of the fatigue cracks that occurred at the web gusset welded joints are shown in the varied directions of principal stress. The fatigue crack propagating path in these pictures was highlighted for easy identification of these cracks. At each case, the fatigue crack was initiated at the weld toe of the boxing weld, and propagated to the web. The dotted line shows the direction of the fatigue crack propagating path based on the assumption that the fatigue crack propagated perpendicular to the direction of principal stress. The red dotted line shows the propagating direction of the crack guring the loading at the larger principal stress side. On the other hand, the white dot-ted line shows the propagating direction of the crack during the loading at the smaller principal stress side. The direction of principal stress shown here was calculated using the beam theory without considering the influence of the gusset.
As shown in Photo 3 (a) and (d), the fatigue cracks propagated perpendicular to the direction of principal stress under the constant direction of principal stress. This behaivor was the same as that of the previous knowledge.
In WG5-ES of specimen B, the crack propagating path was almost the same as the direction predicted from the direction of the larger principal stress (loading at actuator E in this case) as shown in Photo 3 (f). However, the fatigue cracks shown in Photos 3(b), 3(c), and 3(e) propagate in a zigzag direction. These directions were not perpendicular to the direction of principal stress. In addition, these cracks diverged into two directions. Furthermore, the propagating paths of some cracks were different from the path predicted by the direction of principal stress. Table 4 shows the feature of the fatigue crack propagating path at the welded joints under variid directions of principal stress. Thus, the assumption that fatigue cracks propagate perpendicular to the direction of principal stress could not explain this behavior.
Photo 4 shows the fatigue fracture surface at WG3-E of specimen A. As shown in Photo 3(b), the steps at the surface are propagated in zigzag form. 
FATIGUE CRACK PROPAGATION ANALYSES
(1) Fatigue crack propagation analyses considering the inclination of fatigue crack To evaluate the fatigue crack propagating path under the varied directions of principal stress using the fracture mechanics approach, fatigue crack propagation analyses were carried out using a steel plate of 500mm×500mm. The 10mm-long inclining initial crack was induced at the center of the plate, and forced displacement was applied as normal stress of the plate was set to 100N/mm 2 (condition 1). In order to analyze fatigue crack propagating behavior, analyses were performed on the condition that any direction by combining normal stress with shear stress (condition 2) as well. In this study, analyses were carried out using condition 1 to simplify the analytical conditions. However, it had already been confirmed that almost the same results were obtained between the analyses of conditions 1 and 2.
The propagating direction of fatigue crack was determined by the maximum principal stress theory, and stress intensity factor was calculated by the J-integral method. Therefore, the stress intensity factor of mode II component became substantially 0. In addition, the fatigue crack propagating rate formula specified in IIW was applied as the relationship between the fatigue crack propagating rate and the stress intensity factor range 9) . These analyses were peformed using the crack propagation analysis software FRANC2D/L 10) . In addition, the element size was 1.0mm, and the crack propagating amount was also set to 1.0mm 11) . In the software, the elements near the crack tip were remeshed, and the remeshed element size was set to be about 0.1mm. Analyses in this chapter were carried out under the plane stress condition. 
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The bigger crack initiated perpendicular to the direction of principal stress and propagated zigzag. WG3-W The bigger crack initiated perpendicular to the direction of principal stress and propagated zigzag.
WG3-E Diverged cracks. Direction of propagating path was larger than direction of principal stress. WG3-E The crack along the weld toe propagated about 2mm.
WG4-W Diverged cracks. Direction of propagating path was larger than direction of principal stress. WG4-W Diverged cracks. Direction of propagating path was larger than direction of principal stress.
WG4-E Diverged cracks. Direction of propagating path was larger than direction of principal stress. WG4-E Small crack propagated perpendicular to the direction of maximum principal stress WG5-W Diverged cracks. Direction of propagating path was larger than direction of principal stress. WG5-W The bigger crack initiated perpendicular to the direction of principal stress and propagated zigzag.
WG5-E Diverged cracks. Direction of propagating path was larger than direction of principal stress.
WG5-E The bigger crack initiated perpendicular to the direction of principal stress.
Specimen B Specimen A Fig.6 shows the relationship between stress intensity factor range K Imax obtained from the analyses and directionα of the initial crack. The definition of α is as shown in the figure. Stress intensity factor decreases with the increase in the value α. This tendency indicates that the crack length perpendicular to the stress direction becomes smaller than the actual crack length due to the inclination. Therefore, fatigue life is deemed to be longer due to deceleration of fatigue crack propagating rate induced by the variations in the direction. Fig.7 shows the relationship between the propagating direction θ of the fatigue crack and the direction α of the initial crack. The propagating direction in this figure is obtained from the coordinates of the original crack tip and the crack tip after extending them by 1mm. The direction of principal stress is transverse direction without the presence of fatigue crack, and the fatigue cracks are deemed to have propagated to the direction of θ=0. In the case of α=0, θ also becomes 0. However, in the case of the inclination of the initial fatigue crack, fatigue crack propagate toward the larger direction to the initial crack. Therefore, θ is increases with the increase in α. This fact indicates that the fatigue crack propagating angle increases with the large variation in the direction of principal stress. However, when the direction of initial crack exceeds about 25 degrees, θ becomes small. The inclined crack tended to propagate in a more inclined direction because the shear stress at the crack tip increased due to the stress flow along the inclined crack. Because the direction of principal stress due to shear stress was 0 in the case of α equal to 45 degrees. θ became maximum when the value of α was about 25 degrees. Fig.8 shows the crack propagating path in the case of α equal to 30 degrees, which was obtained from the analysis. Though θ became larger at the first step as shown in Fig.7 , the inclination gradually became small as the crack length got longer.
(2) Analyses of fatigue crack propagating path observed in fatigue tests Using the same method described in the previous section, the crack propagating analyses using FRANC2D/L were also performed in order to reproduce the fatigue crack propagating path observed in the fatigue tests. In the analyses, enforced displacement was applied to the steel plate with initial crack in order to turn it into a stress field (normal stress and shear stress) similar to the girder-type specimen. In these analyses, the analytical condition was adjusted so that the magnitude and direction of principal stress were similar to those of the fatigue test. The weld and gusset plate were modeled by increasing the thickness of the web. Fig.9 shows the analytical model in the vicinity of the boxing weld. Fig.10 shows some examples of fatigue crack propagating paths obtained from the analyses, together with those observed in the fatigue tests. The red bold line in the figure shows the initial crack in-duced in the analyses. In Figs.10 (a) and (b) , the variations in principal stress direction were adjusted for the purpose of reproducing the upper crack. Though the analytical result was in good agreement with the experimental result in Fig.10 (a) , inclination of fatigue crack obtained from analyses became small compared with the experimental result in Fig.10 (b) . Fig.10 (c) and (d) also show the comparison between the analytical and the experimental results. Though the analytical result was in good agreement with the experimental result shown in Fig.10 (c) , the inclination of fatigue crack obtained from analyses became small compared with the experimental result as shown in Fig.10 (d) .
In these analyses, the direction of principal stress was also varied at the position where the crack changed direction as observed in the fatigue tests. In other words, the condition in which the fatigue crack changed direction or diverged was still unknown. Considering the variation in the direction of principal stress in each cycle of loading and the stress intensity factor in the case of the inclination of fatigue crack (refer to Fig.6 ), the fatigue crack propagated perpendicular to the direction of maximum principal stress. Thus, it is difficult to predict the fatigue crack propagating path using the analyses with fracture mechanics approach at the present stage.
FATIGUE STRENGTH EVALUATION OF WEB-GUSSET WELDED JOINTS
Some researchers including the authors had carried out fatigue tests using girder-type specimens with some web-gusset welded joints 12)-16) under the load positions being fixed. Figs.11 (a) and (b) show the relationship between stress range and fatigue life obtained from these test results. In these figures, fatigue design curves categorized in the Fatigue Design Recommendations issued by JSSC are also shown. In the recommendations, the fatigue strength category of web-gusset welded joint is specified as grade G. Fig.11(a) shows the fatigue test results arranged by nominal stress range. Fig.11 (b) shows the fatigue tests results arranged by principal stress range. In the arrangement by nominal stress range, the fatigue strength of web-gusset welded joint deteriorates with the increase in the ratio of shear stress τ to axial stress σ (τ/σ). In the arrangement by principal stress range, the ratio has no remarkable difference. Therefore, the conventional arrangement of the fatigue test results by maximum principal stress range is appropriate. In addition, the lower line of fatigue test data almost agrees with the fatigue design curve of grade F. Fatigue strength in the case where there is a variation in principal stress direction was slightly lower than the fatigue strength in the case of constant principal stress direction. Some data are lower than the fatigue design curve specified as grade F. Further, some data are lower than the existing fatigue test data with fixed-point loading. Fig.13 shows the fatigue test results arranged by equivalent principal stress range of the two maximum principal stress. The equivalent principal stress range was obtained from the following equation:
Δσ peq : equivalent principal stress range Δσ pE : principal stress range in loading of actuator E Δσ pW : principal stress range in loading of actuator W This equation does not consider the variation in principal stress direction. In addition, the number of cyclic loading was calculated as two cycles of the combination actuator W or actuator E. Arranging fatigue test data by equivalent principal stress range makes a good agreement with the existing fatigue test data with fixed-point loading. Further, the lower limit of the data is almost located on the fatigue design curve of grade F.
CONCLUSIONS
In this study, for the purpose of clarifying the fatigue strength of web-gusset welded joint under varied principal stress directions, fatigue tests with alternative loading were carried out using girder-type specimens. In addition, the analyses with fracture mechanics approach has been performed in order to comfirm the fatigue propagating behavior under varied principal stress directions.
The main results obtained here are as follows: (1) When there was no variation in principal stress directions, fatigue crack propagated perpendicular to the principal stress direction under the alternative two-point loading. (2) In the case of varied principal stress directions, fatigue crack propagated in a zigzag manner. The direction did not match the direction perpendicular to the principal stress direction. Some branchings of fatigue cracks were also observed. (3) Fatigue strength under varied principal stress directions almost agreed with existing fatigue test results arranged by equivalent principal stress of each maximum stress range. (4) The stress intensity factor in the case of the inclined crack was smaller compared to that in the case of the vertical crack. In addition, the crack propagating direction would be more inclined to be perpendicular to the principal stress because the stress component along the crack caused shear stress at the crack tip. (5) According to the conclusion (4), fatigue strength under varied principal stress directions seemed to be higher than in the case where there was no variation. Actually, fatigue test results were quite different as mentioned in conclusion (3). (6) In many cases, it was difficult to reproduce the fatigue crack propagating path using analyses with the fracture mechanics approach.
